The metabolic activity of tendinous tissues has traditionally been considered to be of limited magnitude. However, recent studies have suggested that glucose uptake increases in the force transmitting tissues as a response to contractile loading, which in turn indicates an elevated tissue metabolism. The purpose of the present study was to investigate if such a mechanism could be observed for the human Achilles tendon following tensile loading. Six subjects participated in the study. Unilateral Achilles 
Introduction
Tendons have traditionally been described as rigid and coherent structures that transmit contractile force in a linear manner to produce joint movement. However, it has become increasingly apparent that tendons undergo considerable deformation during loading and thereby contribute to locomotion by storing and releasing energy (10, 24, 35, 44) . Moreover, the general perception has until recent years been that tendons exhibit a limited ability to react to mechanical loading by structural adaptation. Nonetheless, recent studies have demonstrated that tendinous tissues respond to both acute and habitual contractile loading as indicated by either increased glucose uptake, oxygen consumption and/or collagen synthesis of intra or peritendinous tissues (8, (30) (31) (32) (33) (34) . Furthermore, in vivo investigations of the mechanical properties of human tendon tissue indirectly suggest that tendons may adapt with respect to tissue 'quality' in response to changes in loading patterns of considerable magnitude, i.e. high intensity exercise or disuse (26) (27) (28) (39) (40) (41) . Collectively these data suggest that the human tendon is far more dynamically responsive to loading than previously assumed.
Positron emission tomography (PET) enables 3D depiction of glucose uptake, and offers a minimally invasive method for investigating tissue metabolism. Several studies have successfully used PET to demonstrate exercise induced increases in glucose uptake in heart and skeletal muscle (13, 14, 22, 37, 38) , however, few studies have applied PET scanning to tendinous tissues (18, 21) . Elevated glucose uptake was recently demonstrated in the quadriceps and patellar tendons after dynamic exercise (21), and concurrently it was suggested that exercise induced an increase in Achilles tendon glucose uptake (18) . However, in the latter study no resting values were obtained, and it therefore remains unknown if the Achilles tendon responds metabolically to loading.
The Achilles tendon and its associated aponeuroses is a complex collagenous structure that undergoes substantial loading and deformation during human locomotion (12, 16, 35, 42) . The tendon receives direct muscular insertion from three separately activated muscle compartments and due to this complexity the mechanical function in vivo of the triceps surae muscle tendon complex (MTC) is poorly understood. Nonetheless, advances in this field would increase the understanding of Achilles tendon injury and exercise mechanisms. Interestingly, it was recently suggested that the Achilles tendon may undergo non-uniform loading due to heterogeneous activation of single muscles (2, 3, 7) , although to what extent the three separate muscle compartments contribute to the loading of the common free tendon remains unanswered.
Therefore, the purpose of the present study was to apply PET to investigate 1) if Achilles tendon glucose uptake increases in response to contractile loading, and 2) if selective activation of one of the muscles of the triceps surae (supposedly inducing non-uniform tendon loading) results in a different pattern of intratendinous glucose uptake compared to that during uniform tendon loading (voluntary contraction). We hypothesized 1) that glucose uptake increases in tendinous tissues after low intensity loading, and 2) that activating a single muscle of the triceps surae yields a heterogeneous pattern of glucose uptake intensity across the tendon, to indicate that the Achilles tendon may undergo non-uniform loading during in vivo muscular contraction.
Materials and methods

Subjects:
Six healthy males participated in the study. (Age; 21 ± 1 yrs; height, 177 ± 6 cm; body weight, 74.5 ± 6.9 kg). Subjects were recruited among recreationally active students. Prior to inclusion all subjects filled out a questionnaire regarding medical history and subjects were excluded if current lower extremity or lower back pain was reported, or in case of present or recent leg injury. The ethical Committee of the Hospital District of the South-Western Finland approved the experimental procedures, and the study was performed in accordance with the declaration of Helsinki. The purpose, procedures and associated risks were explained to the subjects and written informed consent was obtained. contractions were controlled by audiovisual signals to the subject such that one signal was given to initiate contraction; one was given when a target force was reached, and one signal was given to terminate contraction. The low contraction intensity meant that all subjects were able to perform the voluntary task for the required time duration.
Tendon force was estimated based on measurement of the distance from the lateral malleolus and the Achilles tendon and point of force application under the foot.
PET image acquisition and processing: Immediately after the muscle contractions were terminated the subjects were relocated to the PET scanner (Siemens ECAT HR+, Knoxville, TN, USA) while care was taken to minimize any muscular contraction. The lower legs were divided into three segments starting from the heel and covering up to the fossa popliteus. Each segment was scanned in four minute time frames, and this was repeated three times (21) (Fig 2) . After all emission scans, transmission scans for attenuation correction were performed for the same three areas.
All datasets were corrected for attenuation and they were reconstructed iteratively (6 iterations; 16 ordered subsets; Hann filter; 128 x 128 matrix; zoom of either 2 (tendon region) or 1.8 (muscle region). Standard random, dead time, and scatter corrections of the manufacturer were employed. The axial and in plane resolution of the reconstructed images was approximately 5 mm full-width at half maximum. A venous blood sample for blood radioactivity determination was taken 50 min after the tracer injection, and used for the calculation of glucose uptake index as described below.
_____________________________________ FIG 2 APPROXIMATELY HERE _____________________________________
Additionally, an MRI scanning was performed of the lower legs of each subject (Fig.   3 ). This enabled a reference for determining the regions of interest (ROI's) that were defined during subsequent analysis.
Based on clinical observations of where tendon pain and injury often occur, two ROI's were defined for each tendon: 1) the 'calcaneus region' just proximal to the insertion of the Achilles tendon on the calcaneus, and 2) the 'free tendon' area ~3-4 cm proximal to insertion where the tendon cross section exhibits a more rounded shape and where no muscle fibers insert on the tendon structure (Fig. 3) . The ROI's were constructed by combining three adjacent scanning slices (each ~2. 
_____________________________________ FIG 4 AND 5 APPROXIMATELY HERE
_____________________________________ Discussion
The main finding of the present study was that the Achilles tendon tissues exhibit elevated glucose uptake as a response to tendon loading. The tissue loading was generated by 25 min of voluntary intermittent isometric muscle contraction at low contraction intensity (~13% MVC). An increase in intra and peritendinous glucose uptake suggests the occurrence of intratendinous metabolic activity as a response to contractile loading.
Intratendinous metabolism:
Previous studies have demonstrated that cardiac and skeletal muscle tissue displays large increases in tissue metabolism in response to exercise (14, 37, 38) , which plausibly corresponds to the high density and nature of the cells in these tissues. Conversely, tendons have traditionally been regarded as metabolically inactive due to the limited occurrence of cells within tendinous tissues.
Nonetheless, previous studies have demonstrated the presence of oxidative and glycolytic enzymes in tendons (20, 29) . These enzymes are associated with the fibroblasts, which is the principal cell within tendinous tissues. The present experimental setup does not allow for a mechanistic explanation for the observed increased glucose uptake after loading. Nonetheless previous in vitro studies have demonstrated that loading produces deformation of tendon and hereby also the embedded fibroblast cells and their nuclei (4, 43) , and that fibroblasts respond to strain via mechanotransduction pathways to remodel the extracellular matrix (1, 5, 6, 46) . It seems plausible that the observed glucose uptake in the present study may be associated to this plethora of intracellular processes that is elicited by fibroblast deformation.
Recent in vivo work in human models has demonstrated an increased oxygen uptake and blood flow in and/or around force transmitting tissues as a response to mechanical loading (8, 9) , and enhanced metabolic activity and collagen synthesis has been demonstrated in the peritendinous tissue of the Achilles tendon subsequent to acute loading (30) (31) (32) (33) (34) . Attempts to examine human, in vivo, tendinous metabolism in response to loading have included near infrared spectroscopy (9), microdialysis (33) and tendon biopsy (36), of which latter two include considerably invasive procedures.
PET scanning offers a minimally invasive technique to study physiological processes in the human body, and two recent studies have applied PET to investigate glucose uptake in tendinous tissues subjected to loading: Kalliokoski et al (2005) demonstrated an elevated tissue metabolism in the patellar tendon following fatiguing dynamic knee extensor contractions. Concomitantly, Hannukainen et al. (2005) measured glucose uptake in the Achilles tendon tissues following bicycle-exercise, and although resting levels of glucose uptake were not acquired, the data indicated an elevation in glucose uptake as a response to tendon load. In the current study glucose uptake was compared to resting levels of the contralateral tendon, and thus the present data extend the findings of Hannukainen et al. (2005) with respect to load-induced increase in Achilles tendon metabolism. Moreover, tendon load was not measured in the two previous PET studies since dynamic pedaling or kicking muscle actions were applied, and hence, the present data adds to previous results by showing that tendinous tissues respond with an increase in glucose uptake following isometric tendon loading at a low force level of ~13% of MVC.
The voluntary contraction intensity of the present study was chosen to match that of the stimulated contractions (relative to muscle volume, see above) resulting in an estimated tendon load during voluntary contractions of ~650 N or ~0.9 · bodyweight.
For technical reasons, few studies have directly measured Achilles tendon force during daily movement tasks: using an optic fibre technique Finni et al (1998) observed peak tendon forces of ~1400 N during walking although large variation was observed between subjects. Computer models have been used to estimate that peak Achilles tendon forces reaches 3-4 · bodyweight during walking (16), while P. Komi (1990) recorded far greater peak Achilles tendon forces using a buckle transducer implant during running and jumping (3-10 kN). One study used the tendon buckle transducer to record tendon forces that were comparable to those of the present study during cycling (n=1, (17)). It seems that the mechanical loading of the tendon in the present study is similar to or just below that associated with walking or cycling. The present data therefore suggests that even low intensity loading, which may be associated with some rehabilitation protocols, elicit a certain metabolic response that may involve regenerative processes within the tendinous tissues.
Non-uniform tendon deformation:
The Achilles and patellar tendons are force transmitters for the m. triceps surae and the m. quadriceps and as such, are highly involved in human locomotion. The two tendons exhibit vastly distinct mechanical function: The patellar tendon has both a bony origin and insertion, whereas the Achilles tendon originates from contractile tissue and inserts onto bone. Although variation in tissue mechanical properties have been observed within the patellar tendon (19) which may suggest non uniform loading, it seems plausible that the Achilles tendon to a greater extent may be subjected to non-uniform loading compared to the patellar tendon if the associated single muscle compartments are heterogeneously activated. Non-uniform activation would in theory result in uneven tendon deformation, and previous results have suggested that such a mechanism occurs in the Achilles tendon-aponeurosis complex. (3, 7, 11) . These recent findings are based on cadaver experiments or in vivo methods such as MR scanning and ultrasonography. Importantly, these observations were performed at the aponeurosis level and are therefore solely indirect evidence of uneven tendon deformation. One in vivo study has directly observed non-uniform Achilles tendon deformation (35) . In this study a syringe needle (diameter 0. subjects were included no difference was observed between the resting tendon and the loaded tendon subsequent to lateral gastrocnemius stimulation, and therefore the previous notion of non-uniform tendon loading and/or associated heterogeneous tendon deformation is not supported by the present data. However, it should be noted that the stimulation of the lateral gastrocnemius yielded a limited stress on the associated force transmitting tendon structures, and although the loading was of a certain time duration, the present stimulation protocol may not have been a sufficient stimulus to be detected with the current scanner resolution. The axial and in-plane scanner resolution in the present study was ~4-5 mm which becomes a limiting factor when the target of study (the Achilles tendon) has a diameter of ~ 8-12 mm, and a cross sectional area of ~100 -120 mm 2 (25, 35) . Future technical developments will likely increase scanner resolution which potentially will allow explication of the mechanisms of tendon function in more detail than presently feasible. Furthermore, additional experiments applying greater stimulation intensity, and/or additional stimulated muscle mass are required address the question.
In conclusion, the present data demonstrate that glucose uptake in the Achilles tendon tissues increases during mechanical loading at low contraction intensity. This observation was made at the site of tendon insertion as well as in more proximal
areas. An increased glucose uptake within the tendon indicates that tendinous tissues are metabolically active and likely exhibit greater ability to structural adaptation and remodeling in response to loading stimuli than previously appreciated. No conclusions regarding non-uniform tendon deformation was feasible with the present experimental approach, however, the PET scanning technique combined with other in vivo methods such as MRI and ultrasonography seem promising tools to investigate the distinct mechanical and structural function of human muscle-tendon complexes and their response to loading stimuli. Free tendon
